The discovery of gullies on Mars suggests liquid water activity near the surface of the planet in recent times, Since liquid water is unstable under the present-day P-T martian conditions, the formation mechanisms of the gullies, and the source of the putative water, have been a matter of debate for the last years. To provide new insights into these matters, we have approached the problem studying the gullies in relation to their regional setting. A major point in our study relates to the geographic orientation of gullies, an aspect that has been previously regarded as a crucial matter in different models, and has profound implications regarding their origin. We present a comprehensive and detailed survey of the Gorgonum-Newton region, and a study of the Dao and Nirgal Yallis regions. The survey was carried out with the aid of965 high-resolution MOC images (752 for Gorgonum-Newton, 102 for Nirgal Yallis and III for Dao Yallis regions), and MOLA-derived DEMs. We found that gullies display a clear regional pattern, geographically and topographically consistent with a decreasing regional slope.
Introduction
The debate on the existence of water on Mars has lasted for years (see reviews in Carr, 1996 and Baker, 200 \) . The discovery of recent gullies on martian slopes (Malin and Edget, 2000) by means of the high-resolution images ob tained by Mars Observer Camera (MOC) onboard the Mars Global Surveyor spacecraft (MGS), has highlighted this de bate focussing it on the possible existence of near-surface liquid water on Mars in recent times. However, the origin of such gullies, and the source of liquid water under cur rent P-T conditions, has been a matter of debate for the last years (e.g., Malin and Edget, 2000; Mellon and Phillips, 2001 ; Musselwhite et aI., 200 \; Costard et aI., 2002; Knauth and Burt, 2002; Christensen, 2003; Heldmann and Mellon, 2004 ; among others). The models proposed for gully formation involve processes with very different cli matic implications: (\) groundwater seepage from a shal low water aquifer (e.g., Malin and Edget, 2000; Mellon and Phillips, 200 \); (2) forced drain from a deep water aquifer (Gaidos, 2001) ; (3) melting of near-surface ground ice flow ing from an aquiclude to the martian surface (Gilmore and Phillips, 2002) ; (4) local melting on near-surface ice deposits (e.g., Costard et aI., 2002; Christensen, 2003) ; (5) action of liquid or gaseous C02 (Hoffrnan, 2000; Musselwhite et aI., 2001); or (6) dry mass avalanches (Treimann, 2003) . In addi tion to the possible paleoclimatic implications derived from the discovery of gullies on Mars, an interpretation of the MGS images support the proposal that the planet would have undergone a recent ice age, which would have resulted in formation of an extensive ice mantle located at mid-latitudes (Head et aI., 2003) . The MOC high-resolution images pro vide evidence for recent climatic changes on 1.1ars, involving the deposition and erosion of very young ice-rich deposits at mid-latitudes (between the 30° and 60° latitude bands; Mustard et aI., 2001) , precisely the region where gullies ap pear. Based on observed space-time relationship between gullies and recent eroded ice-rich deposits (both very young and at mid-latitudes) we suggest that the gully fonnation mechanism must be consistent with the recent martian cli matic history.
According to previous authors, gullies would fonn pref erentially on the poleward facing slopes of craters and canyons, specially at lower latitudes, because: (I) the colder conditions prevent the direct sublimation of water by the development of near-surface ground-ice plugs (Malin and Edget, 2000; Mellon and Phillips, 2001) ; (2) during high obliquity periods sufficient wanning is produced to melt near-surface ice deposits (Costard et aI., 2002) ; or (3) since snow accumulation is thick, the complete removal of the blanket is not rapid and therefore, melting at the base (and percolation of water) occurs before the snow is totally re moved (Christensen, 2003) .
However, Edgett et al. (2003) report gullies preferen tially oriented on equator facing slopes in the northern hemi sphere. Alternatively, Heldmann and Mellon (2004) propose that although gullies occur on all orientations of slopes (and therefore the poleward preference of gullies should not be overemphasized), their orientation vary by latitude. They re port tendencies showing that gullies are preferentially found on poleward facing slopes at lower (30°_44° S) and higher (58°_72° S) latitudes, but are preferentially on equatorward facing slopes in the middle (44°_58° S) latitudes. These trends of preferred orientation of gullies as a function of lat itude are unresolved for their model of aquifer discharges in relation to climatic conditions (Mellon and Phillips, 2001; Heldmann and Mellon, 2004) . Alternatively, these authors propose that the regional variations in the thennal proper ties of soil may compensate for the deviation from pred ications on gully orientations (Mellon and Phillips, 2001; Heldmann and Mellon, 2004) .
Thus, in our opinion one key question emerging from pre vious models is: do gullies always occur in 'climatic-related' scenarios? The answer to this question is one of the main aims of this research, to check the validity of this argument, because if gullies occur in any position, independently of climatic factors (i.e., regardless of their latitude and solar ori entation), then a different explanation for their origin must be offered. Alternatively, we suggest that if gullies are pro duced by groundwater seepage, this must be refl ected in their spatial distribution, because this process implies, whatever the dimensions of the aquifer, a groundwater fl ow induced by a hydraulic gradient The direction of such hypotheti cal groundwater fl ow must be indicated by the spatial po sition and orientation of gullies. To study the implications of this idea we plotted vectors on maps indicating the ori entation of these erosional features at each of the localities where gullies occur. If gully fonnation was related to cli matic processes, we should find a spatial correlation between latitude and vector orientation. On the contrary, if gullies are indeed related to groundwater seepage, then we should be able to observe a pattern consistent with the direction of the hypothetical groundwater fl ow. Thus, in this work we pro pose new observational constraints based on the combined geographic-topographic approach to the problem (MOC im ages and MOLA-derived DEMs) to test the source of water involved in gully formation. We also discuss the implica tions of our results within the context of the recent climatic evolution of Mars.
Methodology
In order to constrain the origin of gullies and their hydro geologic and paleoclimatic implications, we followed a dif ferent approach to other global-scale works (e.g., Heldmann and Mellon, 2004) , studying these morphological features in relation to their regional setting. We checked the ori entation (angle with respect to geographic pole) and loca tion of gullies in each locality. We followed this approach because previous works have suggested that gully orienta tion is related to its origin (e.g., Malin and Edget, 2000; Costard et aI., 2002; Christensen, 2003) . We carried out a comprehensive survey of the Gorgonum-Newton region (30°_55° S, 1800-2100 E;anarea of�2xI06km2) (Fig I ) , and chose the Dao Vallis (85° _95° E; 30° _40° S) and Nirgal Vallis (-46°, _36° E; 24°_30° S) regions to test our ideas. We selected Gorgonum-Newton region because it hosts nu merous outstanding clusters of gullies, which occur within a complex topographic setting involving several huge basins (Gorgonum, Newton, Copernicus), within a geologic realm that includes cratered and ridged plains, a probable ancient system of lakes (Irwin et aI., 2002) , and important tectono volcanic activity (Wilson and Head, 2002) . Our detailed sur vey of Gorgonum-Newton region was based on the study of 752 high-resolution MOC images (gullies were identi fied on 177 MOC images) belonging to the series ABI to RI5 (Fig. I) , obtained from September 1997 to March 2004, and a MOLA-derived DEM At Nirgal Vallis 102 MOC im ages were analyzed, and gullies are present on 12 images, whereas atDao Vallis III MOC images were analyzed, with 22 of them containing gullies.
Gullies were morphologically identified based on the presence of channels emanating from an eroded alcove and leaving a debris apron. When gullies are cut off in the MOC image we just confinn the positive identification of a gully system by the presence of alcoves and channels. Besides, as stated above, instead of focussing on the morphology of indi vidual features, we paid special attention to their orientation, spatial distribution, and topographic setting. Therefore, we have no made attempt to either measure any morphological parameter of gully systems, or obtain the MOLA elevation of each gully system. Instead, we plotted on a topographic map the vectors showing the location and orientation of each gully system (Fig. 2) .
Regional distribution of gullies: Results
We found 177 MOC images for the Gorgonum-Newton region, corresponding to 69 different localities where gullies occur on the slopes of craters, canyons and mesas (Fig. 2) . Table 1 shows a complete list of MOC images showing gul lies in the area. The results of the survey show a complex geographic pattern in which multiple orientations are recog nized (Fig. 2) . At a fi rst glance, one may still argue that since the south(pole )ward direction is dominant at latitudes be tween 30° and 40° S, and variable orientations are found at higher latitudes (Fig. 2) , climate controls the appearance of gullies. In principle these results would agree with the proposals of Heldmann and Mellon (2004) on the preferred orientations of gullies as a function of latitude. However, the combined approach to the problem, using MOC images and MOLA-derived DEMs allows the introduction of a second and key variable in the study: topography. When this fac tor is considered in the analysis, a much more clear picture emerges, with the gullies following a pattern defi ned by the regional slope. In other words, gullies appear on the side ori ented down the regional slope (Fig. 2) . The only exceptions to this pattern are three gully locations in the plains south of Sirenum Fossae and two in the NE rim of Copernicus Crater (see details below), together with those located on the slopes of isolated mesas into Gorgonum Chaos. The best ex amples of gully orientation as a function of regional slope are found in Newton Crater and its surroundings, where gully orientation is mainly radial to the center of the basin, and also radially distributed from the high elevation sites (Fig. 3) Longitude (East) Fig. 2 . Arrows indicate the orientation of gnllies within the study area over a MOLA-derived shaded relief image. The arrows are oriented fo llowing a pattern defi ned by the regional slope. thus suggesting that gnllies ap pear on the side oriented down the slope.
on the eastern side of Newton Crater are mainly oriented to the west, those located on the western side of the crater are mainly oriented to the east, and gullies located west of the western rim of the crater are oriented to the west and south. This radial distribution is not so obvious in other craters and basins of the area. In the Gorgonum sector or the Mariner Crater the general southward decrease in alti tude leads to gully formation following the regional slope, thus giving the impression that gullies are poleward oriented (Fig. 2) . This general southward trend is also observed on the plains located south of Sirenum Fossae between Gor gonum Basin and Mariner Crater. These southward oriented gully systems (Fig. 2 ) apparently contradict the relationship between the regional slope and gully orientation. However, a closer inspection of the topography (Fig. 4) reveals that most of the gully systems are also oriented down the re gional slope, with two apparent exceptions in the gullies occurring in the southemmost canyon of the Sirenum Fos sae system, and in the craters close to the centre of the plains (38.5° S, 193.2° W). In Copernicus Crater the number of gully systems is much less than in other basins, and all the gullies are northward oriented. However, the topography of the area (Fig. 5 ) reveals that the two gully locations within the basin are clearly oriented following the regional slope (from the southern rim of the crater to the centre). There are also two apparent exceptions in the two northward ori ented gullies located on the NE rim of Copernicus (Fig. 5) . Whatever the case, the suggested general regional pattern of gullies, oriented downhill the regional slope, is consis tent with groundwater fl ow systems running from high-to low-elevation domains, thus mimicking the topography of the surface. This is exactly the general dynamic behavior that we would expect in large scale groundwater systems. On the other hand, a trend of this kind is unresolved in the climatic-controlled scenarios, because it is hard to explain how climatic factors would produce, following the slopes and independently of latitudes and orientations, the colder or warmer conditions required by these models (Malin and Edget, 2000; Costard et al., 2002; Mellon and Phillips, 2001; Christensen, 2003) . Southward-facing slope of a crater.
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sible origin for the gullies, thus implying the existence of recent martian groundwater fl ow systems. If the distribution of the arrows plotted in Fig. 2 is truly indicative of ground water fl ow directions, then several fl ow systems, with dif ferent characteristics have operated in the area. The arrows in Newton Crater would indicate a well-defined fl ow system from the high-altitude rims to the lowlands of the center of the basin. If this is correc� then groundwater fl owed along paths tens of kilometers long across an altitude gradient of more than 3000 m (from the 2500 m of altitude rims to the -1000 m altitude center of the basin). COINersely, given that gullies are closer to the highlands in the plains west of New ton Crater, the fl ow systems would have smaller horizontal and vertical dimensions. Besides, some gully systems may have been produced by seepage from local groundwater sys tems, such as those labeled A in Fig. 4 , located downhill of neighboring high-elevation areas. Gullies located on the slopes of isolated mesas into Gorgonum Chaos may repre sent local systems where water percolated from the surface of the mesa and seepage after a short fl ow. The few locations where gullies do not appear to follow the regional slope are more difficult to explain within this scheme of groundwa ter fl ow systems. These gully systems could be indicative of some additional contribution of climatic factors in gully for mation. However, our results indicate that this contribution would be minimal compared to the role of groundwater fl ow following regional topography.
A local estimation of the amount of water that fl owed in our suggested hydrologic system may be provided by study ing the volume of debris deposits present in Newton Crater. Following Malin and Edget (2000) we have assumed that aprons of gully systems are formed by debris fl ow contain ing around 10% by volume water. We measured the surface covered by some of the aprons in Newton Basin, and ob tained an area of around 3.75 x 10 6 m 2 . Assuming a mean thickness of 2 m, we can estimate a volume of water in the order of 750,000 m 3 (750 x 10 6 1). Due to the scarcity of images showing complete debris aprons systems, we could only measure debris fl ow deposits at six different localities; therefore this relatively low amount of water must be taken as a minimum.
If gullies on Gorgonum-Newton region have been pro duced by seepage from the proposed groundwater fl ow sys tems, then we must assume that water moved within the rock formations of the area. The existence of several fl ow systems, at different scales, suggests that instead of a large water reservoir in the area, several isolated aquifers could better account for the distribution of gullies. Additionally, given that the discharge of groundwater is produced on the slopes of canyons and craters, at depths of a few hun dred meters, these aquifers must occur at shallow depth (e.g., Heldmann and Mellon, 2004) . The geological map ping (Scott and Tanaka, 1986 ) and analysis of the layers visible on the MOC images suggests that the aquifers could be mainly hosted by old volcanic rocks. Due to the rugged character of the surface of lava fl ows, volcanic rock succes sions usually have the highest permeability parallel to the bedding. Therefore, a simple model based on terrestrial vol canic aquifers would iINolve groundwater moving within and along bed-rock layers until it discharges at the surface on the slopes of craters and canyons. Although aquicludes play an important role in the location of springs in terrestrial volcanic aquifers, our model for Mars neither excludes not confirms their role in the generation of gullies (e.g., Gilmore and Phillips, 2002) . A comparison with volcanic terrestrial aquifers also gives support to the dimensions of the fl ow systems deduced from Fig. 2. For example, the groundwa ter fl ow systems in the aquifers of Columbia River Basalts Longitude (East) Fig. 4 . MOLA-derived topographic map of the plains located SE of Gorgonum Basin, showing the orientation of gullies in the area. Note that most of the gully systems are oriented downhill the regional slope, and some may have been produced by seepage down of neighboring high elevation areas fr om local groundwater systems (A). There are only two apparent exceptions (B) in the southernmost canyon of the Sirenum Fossae system, and in two craters close to the centre of the plains.
and Snake River Plain (USA) can be up to hundreds of kilo meters long. Groundwater fl ow systems in volcanic islands such as Hawaii or Te nerife (Canary Islands) may have dimensions from several kilo meters long to localized perched aquifers. Groundwater seepage from terrestrial volcanic aquifers can generate landforms mOlphologically analogous to martian gullies. For example, striking equivalent landforms (Fig. 6) are observed in the warm and wet eINironments from La Gomera (Canary Islands), which are produced by groundwa ter seepage at the contact between permeable upper pahoe hoe lavas and older altered volcanic rocks. Therefore, in ad dition to previous proposals based on terrestrial landforms, suggesting that gullies could be formed by the melting of surface snow patches in cold environments (Lee et aI., 2002; Hartmann et al., 2003) , there are also equivalent morpho logical features in subtropical eINironments to those found in Mars. Thus, any model on gully formation based only on mOlphological criteria of terrestrial analogs should be taken with caution.
Clues fr om other clusters of gullies: Nirgal and Dao Vallis areas
In order to test our ideas on the relationships between gully orientation and regional relief, we applied our ap- proach to other regions of Mars where important clusters of gullies occur. We selected Nirgal Va llis (-46°, -36° E; 24°-30° S; 102 MOC images analyzed, 12 containing gul lies) and Dao Va llis (85°-95° E; 30°-40° S; 111 MOC im ages analyzed, 22 containing gullies), because a preliminary regional study on gully systems related them to water per colating and fl owing from aquicludes (Gilmore and Phillips, 2002) . Our maps show (Fig. 7) a pattern for gullies basi cally defi ned by the regional slope. Gullies appear mainly on the northern side of the canyons because these sectors are oriented dow the regional slope (Fig. 7) . Therefore, the dis tribution of the arrows plotted in Fig. 5 can be interpreted in terms of a well-defi ned groundwater fl ow system, running from the northern high-altitude areas to the southern low lands. The only exceptions to this southward orientation of gullies are three localities in the southern rim of Dao Va l lis (Fig. 7B) . However, the orientation of the latter can be easily explained by local groundwater fl ow systems from the neighboring high elevation areas. On the other hand, the constant elevation of gully heads at Nirgal Va llis and the relationships between gully elevation and latitude in Dao Va llis (Gilmore and Phillips, 2002) , can be also explained by the role of aquicludes in regional groundwater fl ow sys tems driven by a north-south oriented hydraulic gradient.
Origin of recent groundwater
Our regional analysis suggests the existence of volcanic hosted aquifers in the Gorgonum-Newton region. Ground water fl ow systems in these volcanic aquifers would require: (1) that subsurface water must be in the liquid state at shal low depths; and (2) that hydraulic heads must be established to support the gradients necessary to drive groundwater fl ow, and therefore that zones of high hydraulic head be recharged. Therefore, there are two major questions that have to be answered in our model: (1) how can water fl ow under the expected temperatures?, and (2) how the aquifers recharge? Three mechanisms have been explored regarding the possi ble sources for subsurface water: (1) melting of near-surface ground ice by solar heating (Mellon and Phillips, 2001 ); (2) shallow aquifers formed in response to global geother- mal heating (Mellon and Phillips, 2001) ; and (3) melting of permafrost at shallow depths due to localized geothermal heating (Hartmann, 2001) .
The geothermal activity model of Hartmann (2001) could explain the regional cluster of gullies in the Gorgonum Newton region. This model would require a regional thermal event taking place in the area in recent time. One possible heat source for this geothermal event could be the alleged gi ant dikes present beneath Sirenum Fossae faults (Wilson and Head, 2002) . However, the age of Sirenum Fossae is proba bly older than Amazonian (Wilson and Head, 2002) , which implies that the putative dikes would have been emplaced more than 3000 Ma ago (Hartmann and Neukum, 2001) .
The global geothermal heating model (Mellon and Phil lips, 2001; Heldmann and Mellon, 2004) does not require the existence of recent local geothermal events, but needs a dry overburden soil and materials with low thermal con ductivities in the subsurface to maintain liquid groundwater. The thermal conductivities proposed by Heldmann and Mel Ion (2004) to justify the existence of liquid water at shallow depths (from 0.07 to 0.893 W m-I K-I ) may be plausible for the upper dry soil, however, they are too low to represent geologic materials forming the aquifer. Thermal conductiv ity data (Schon, 2004) for the most likely geologic materials hosting the aquifer have much higher thermal conductivities (lava: 0.2-4.6; basalt: 0.44-5.33; pumice: dry 0.25-moist 0.5; sandstone: dry 0.67-moist 7.41; sand: 0.1 dry-4.75 moist; clay: dry 0.14-2.6 W m-I K-I ). However, Heldmann and Mellon (2004) argue that low conductivity values are consistent with the expected average thermal conductivity derived from a composite subsurface material including a combination of rock and loosely consolidated soil. However, by using values of thermal conductivities similar to those of terrestrial volcanic rocks (between 0.2 and 5 W m-I K-I ), the temperatures suggested by Heldmann and Mellon (2004) for the shallow martian subsurface are probably overesti mated, and therefore the 273 K isotherm could not be located in the shallow depths where gullies occur.
On the other hand, the spatial distribution of gullies in the Gorgonum-Newton region, mimicking the topography, is what we would expect from aquifers recharged from the surface, i.e., via melting of near-surface ground ice or su perfi cial snow deposits. This model, advocating the melting of near-surface ground ice by solar heating has been ex plored by Mellon and Phillips (2001) . They propose that even at high obliquity times the martian atmosphere remains too dry for the ground ice to melt, and consequently, ice sublimates before reaching melting temperatures. Therefore, near-surface ground ice is an unlikely candidate for recharg ing the proposed martian aquifers.
We will explore now an alternative scenario, different to those advocating in situ melting of either permafrost (at shallow depths due to global or localized geothermal heat ing) or near-surface ground ice (by solar heating). To do this we must fi rst review the proposals for recent climatic changes on Mars due to variations in planetary orbital pa rameters (e.g., Mustard et al., 2001; Laskar et aI., 2002; Head et al., 2003) . The work of Head et al. (2003) offers a sound scenario for the stability of ice at martian polar re gions and mid-latitudes in concert with the orbital variations. This includes water removal from the poles at high obliq uity (> 30°) periods and its transfer to mid-latitudes, where it would nucleate on dust particles and become deposited over the martian surface as ice deposits. According to that work, Mars would have undergone an ice age at about 2100-400 kyr BP (when obliquity regularly exceeded 30°), resulting in formation of a dusty ice mantle between the 30° and 60° lati- tude bands (Mustard et al., 2001) , precisely the region where gullies appear (Malin and Edget, 2000) . However, from 300 kyr BP onwards (interglacial period), the obliquity has been always near 25°, and the mid-latitude ice mantle would have been steadily retreating and disappearing, with part of this water being transferred back to the polar regions. Thus, the periodic climatic instability of the mid-latitude region could make it a plausible candidate to have produced the water re quired to recharge a recent martian aquifer, and in fact, we have found clear ground indicators for ice-dust blanket re moval in the highlands of Gorgonum-Newton (Fig. 8) . It has been previously suggested that at martian mid-latitudes ice-dust surface ice packs can melt, either during the high obliquity periods (Costard et aI., 2002) , or even at present times (Clow, 1987; Christensen, 2003) . The fi rst hypothesis proposes that to melt surface dusty ice patches, daily aver age temperatures above 0° C would be required, which can be only achieved at 30-50° S latitude during high obliq uity periods in southward oriented slopes (Costard et aI., 2002) . In addition, Mellon and Phillips (2001) have shown that during these high obliquity periods the maximum sur face temperatures at 30°-50° S latitude are well above O°C for any slope orientation. One way or another these deposits have been seasonally exposed to temperatures above O°C, which could have induced the melting of the ice blanket, pro ducing liquid water. High-obliquity periods are of the order of 40 kyr (Laskar et aI., 2002) , which may be long enough to provide enough meltwater to recharge the gully aquifers. Additionally, some authors (Clow, 1987; Christensen, 2003) have proposed that since in dusty snow packs sunlight is ab sorbed at depth rather at the surface, the melting of these deposits would take place even at present during the sum mer midday if the dust levels in the snow are high enough. Thus, melting of ice blanket deposits at the base, either at present or during high-obliquity periods, could have pro duced liquid water, which in turn would have percolated to the subsurface and fl owed to the basins due to the hydraulic head generated (Fig. 9) . When this groundwater reaches a cliff face, it would seep and mix with the regolith, thus forming the gullies and associated debris fl ow deposits. Our analysis of MOC images confirms the presence of dusty-ice deposits in the Gorgonum-Newton region showing textures typical of dissected terrains (Fig. 8) . Therefore, in the last few millions years ice-rich deposits have been repetitively precipitated and eroded on the Gorgonum-Newton region. Regardless of the possible melting mechanism, i.e., whether this occurred during high-obliquity periods, or if it is also possible under the present conditions, they are both a po tential source for meltwater to recharge a groundwater fl ow system in the area.
Key aspects of this proposal are the following: (1) the amount of water that ice-rich deposits could generate by melting at their base; and (2) whether this amount of water would be enough to explain gully formation. Al though numerical models on the behavior of ice and melting processes on Mars have been previously explored (Clow, 1987; Kossacki and Markiewicz, 2004) , we do not attempt here to quantitatively estimate the amount of water that could be generated by melting of dusty-ice packs on Mars. Our aim was simpler, to test the possibility of generating gullies with meltwater derived from ice-rich deposits. To achieve this goal we focus sed our efforts on a sector located southwest of Newton Basin, where both gullies and proximal dissected terrains (i.e., evidence for ice-rich deposits) can be mapped from MOC images (Fig. 10) . We selected two impact craters showing gully systems within contrasting topographic settings. The western crater (labeled A on Fig. 10 ) is located �50 km to the west-southwest of Newton Crater, whereas the eastern crater (labeled B on Fig. 10 ) occur within the walls of Newton Crater, but close to the topographic divide. Following Malin and Edget (2000) we estimated the amount of water required to form the well-developed aprons of gully systems in crater A, obtaining about 4 x 10 5 m 3 of water in volved. According to our proposals, the presence of gullies implies a potential source area from the topographic high. If we take a portion of this high (the 40 x 7 km area defi ned by the dotted line on Fig. 10) , and assume that the whole surface was covered by a 5-m thick blanket of ice-rich de posits (e.g., Mustard et al., 2001) , we obtain 14 x 10 8 m 3 of ice-rich materials. Assuming that this dissected terrain contained 50% (volume) water ice (Head et al., 2003) , then 7 x 10 8 m 3 of ice could have been present on this surface. If we restrict the surface to where the available MOC images show undisputable evidence for the existence of dissected terrains (as defi ned by the solid line on Fig. 10 ), then the po tential source area has an extension of 185 km 2 , and may have contained �4.5 x 10 8 m 3 of ice. The amount of wa ter ice contained in the ice-rich dissected terrains would be 1000 times greater than the water required to form the gul lies observed in crater A. In other words, the observed gullies could have formed if just a 1/1000 of this water ice would have melted, percolated, and fl owed following the hydraulic gradient. On the other hand, since crater B is located closer to the topographic divide, much less water would have been iINolved, and conspicuously, gullies are poorly developed in this area (Fig. 10) . Thus, we suggest that the melting of ice-rich deposits and the subsequent percolation of meltwater could provide a source for groundwater fl ow, and therefore, may offer a plau sible explanation for gully formation. Our suggested link between ice-rich deposits and gullies (via aquifer recharg ing) also allows explanation for the age of gullies, because it would refl ect the recent climatic fl uctuations capable of producing and dissecting superfi cial water-ice deposits at mid-latitudes. However, further modeling on the melting of ice-rich deposits is necessary. For example, if the ground ice melts near the surface the water would have great difficulty to percolate through the snow pack and the cold subsurface soil without refreezing (Heldmaml and Mellon, 2004) . The next section offers some ideas that may help to elucidate this matter.
Fl ow of recent groundwater
It is no clear whether the present temperatures could be below freezing (e.g., Squyres et al., 1992) or above o°c � GUllieS 1 __ 1 Groundwater flow Fig. 9 . Idealized scheme depicting the suggested relationships between aquifer fo rmation and groundwater fl ow fr om high-to low-elevation lands in mid-latitude terrains. Water recharge of the aquifer would be accomplished by melting of the ice-rich deposits at their base. (Heldmann and Mellon, 2004) at hundreds of meters be low the surface of Mars at the latitudes where gullies occur. Due to this uncertainty, we will concentrate on the follow ing question: can water maintain its liquid integrity under freezing conditions? Regarding this matter, we suggest that the physics of nonequilibrium may provide a plausible ex planation for the stability of liquid water within an aquifer under these conditions (Oyarzun et aI., 2003) . Water con tained in porous materials (as we would expect in an aquifer) behaves in a different way to bulk, superfi cial water. For ex ample, liquid water can be found in soils and other porous media at temperatures as low as -40°C, i.e., well below the bulk melting temperatures (Maruyama et aI., 1992; Cahn et al., 1992) or even at -80°C in the interstices of shallow hypersaline soils in the Antarctic cold deserts, a plausible equivalent to martian eINironmental conditions (e.g., Wynn Williams et al., 2001 ). These phenomena, departing from classic thermodynamics are related to the concept of hys teresis, which basically refers to a retardation of the effect when forces acting upon a body are changed. In the case of liquids the hysteresis freezing temperature, as opposed to the thermodynamic freezing temperature, is defi ned as the limit of metastability of the liquid phase during freezing (e.g., Radhakrishnan et al., 2000) . Liquids can be supercooled be low the thermodynamic freezing transition because of the presence of a kinetic barrier to crystallization (Morishigue and Kawano, 1999) . This phenomenon is particularly im portant in small, completely confined spaces where kinetic energy is substantially reduced. In other words, the freez ing temperature, as compared to the bulk, can be severely depressed in confined spaces. If dissolved salts are present these effects are enhanced by two mechanisms: (a) further depression of the freezing point, controlled by the concentra tion and nature of salts in solution (e.g., about -56 ° C for the H20-NaCl-KCl-CaC12 system; Konnerup-Madsen, 1979); and (b) salt rejection, because pure water tends to freeze at a freezing front, leaving a progressively more concentrated so lution (and therefore with an even more depressed freezing point) (e.g., Parameswaran and Mackay, 1996) . Thus, non equilibrium physics operating in porous media could provide a plausible alternative approach to account for the present existence of liquid water on martian aquifers at mid-latitude regions. Ground penetrating radar such as MARSIS (on board the orbiting Mars Express) and SHARAD (onboard the future Mars Reconnaissance Orbiter), could potentially test if liquid water is fl owing at present in the shallow sub surface of the Gorgonum-Newton region.
Conclusions
The results of our work indicate that the gullies in Gorgonum-Newton region display a pattern following the regional slope consistent with a fully developed groundwa ter fl ow system. This pattern is also displayed by gullies in the Dao and Nirgal Va llis regions. In the Gorgonum-Newton region the groundwater would fl ow from several systems to the low-elevation basins and craters, where most of the gullies are located. The best examples are located in New ton Crater and its surroundings, where gully orientation is mainly radial to the centre of the basin, and also radially distributed from high-elevation sites. We suggest that the source of groundwater in these high-elevation sites could be related to the outcrops of young partially eroded ice-rich de posits. The water resulting from melting of these deposits would percolate and recharge large-scale regional aquifers. The mechanism here proposed does not differ much from those that lead to aquifer recharge on Earth, but would occur at a much larger time-scale, and would not be triggered by seasonal but by global climatic changes. �-.-----r----r"----r"2,-,---":=+=; ==:;: :: :=: ::;:= =+-44.0°
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Longitude (East) Fig. 10 . MOC images showing dissected terrains (white pattern) on a sector of the sw rim of Newton Basin. The area defi ned by the dotted line shows the maximum potential source for gullies on the NE side of crater A. The solid line defi nes a more restricted potential area, which is supported by the undisputable occurrence of dissected terrains on MOC images. We have used these two areas to compare the amount of water involved in the gullies, and the amount of percolating water that ice-rich deposits could generate in the area. Our calculations suggest that if just a 1/1000 of the water ice of these deposits would have melted, then gullies on crater A could be explained by percolating groundwater fo llowing the regional slope (see text for details). Gullies on crater B are poorly developed because they are located closer to the topographic divide, and therefore have a smaller potential source area.
